The electronic and chemical structure of the metal-to-semiconductor interface was studied by photoemission spectroscopy for evaporated Cr, Ti, Al and Cu overlayers on sputter-cleaned as-deposited and thermally treated thin films of amorphous hydrogenated boron carbide (a-B x C:H y ) grown by plasma-enhanced chemical vapor deposition. The films were found to contain ∼10% oxygen in the bulk and to have approximate bulk stoichiometries of a-B 3 CO 0.5 :H y . Measured work functions of 4.7/4.5 eV and valence band maxima to Fermi level energy gaps of 0.80/0.66 eV for the films (as-deposited/thermally treated) led to predicted Schottky barrier heights of 1.0/0.7 eV for Cr, 1.2/0.9 eV for Ti, 1.2/0.9 eV for Al, and 0.9/0.6 eV for Cu. The Cr interface was found to contain a thick partial metal oxide layer, dominated by the wide-bandgap semiconductor Cr 2 O 3 , expected to lead to an increased Schottky barrier at the junction and the formation of a space-charge region in the a-B 3 CO 0.5 :H y layer. Analysis of the Ti interface revealed a thick layer of metal oxide, comprising metallic TiO and Ti 2 O 3 , expected to decrease the barrier height. A thinner, insulating Al 2 O 3 layer was observed at the Al-to-a-B 3 CO 0.5 :H y interface, expected to lead to tunnel junction behavior. Finally, no metal oxides or other new chemical species were evident at the Cu-to-a-B 3 CO 0.5 :H y interface in either the core level or valence band photoemission spectra, wherein characteristic metallic Cu features were observed at very thin overlayer coverages. These results highlight the importance of thin-film bulk oxygen content on the metal-to-semiconductor junction character as well as the use of Cu as a potential Ohmic contact material for amorphous hydrogenated boron carbide semiconductor devices such as high-efficiency direct-conversion solid-state neutron detectors.
Introduction
High-efficiency neutron detection is important to advancing applications in the fields of health physics, energy, and defense. Direct-conversion solid-state neutron detectors can, in theory, achieve 100% detection efficiency for neutrons of specific kinetic energies; in practice, however, their performance has fallen short of this target owing to challenges in controlling the bulk and interfacial charge carrier transport and electronic properties of the neutron-sensitive and electrically active heterostructure materials [1, 2] . A promising means of realizing a low-leakage-current direct-conversion heterostructure device, in the p-n junction or Schottky geometry, is through the use of high-resistivity and high-charge-carrier-mobility boron-rich solids, deposited as films in the ones-to-tens of microns thickness range [1] . A number of authors have reported the successful fabrication of direct-conversion neutron detector heterostructures from amorphous hydrogenated boron carbide (a-B x C:H y ; x ≈ 5) grown on n-Si by capacitively coupled plasma-enhanced chemical vapor deposition (PECVD) [3] [4] [5] [6] [7] [8] . However, as the empirically measured and computationally modeled pulseheight spectra for these devices do not exhibit the features expected for a canonical direct-conversion device [2] , their fundamental operation has been called into question [2, [9] [10] [11] .
An outstanding question involves the location(s) of the electric field region(s) responsible for the separation of electron-hole pairs generated from neutron-induced primary reaction products. Developing a deeper comprehension of this issue is imperative to demonstrating a direct-conversion heterostructure detector based on a-B x C:H y or other boronrich solids. For this to be achieved, one must rigorously characterize: (a) the electronic and chemical structure of the metal-to-a-B x C:H y interface (i.e., is an insulating layer being formed that could lead to a conventional tunnel barrier? does a significant band offset exist that could lead to Schottky rather than Ohmic behavior?); (b) the electronic and chemical structure of the a-B x C:H y -to-silicon interface (i.e., is boron diffusing into Si to form a p + -Si/n-Si junction?) and (c) the charge transport properties and mechanism(s) of electron-hole pair recombination of the bulk a-B x C:H y film. In an effort to address (a), we investigate the electronic and chemical structure of the metal-to-a-B x C:H y interface through valence band and core level photoemission studies. The results of this work may help to explain the low efficiencies and nontraditional pulse-height spectra of previously reported devices, and may provide insight into how the fabrication of such boron-rich devices can be improved toward achieving high-efficiency direct-conversion solid-state neutron detectors.
Experimental details

Film growth and sample preparation
The a-B x C:H y films were deposited by capacitively coupled plasma-enhanced chemical vapor deposition (PECVD), following a procedure similar to that reported for fabricating a-B x C:H y -based devices [3] [4] [5] [6] [7] [8] . Sublimed orthocarborane (o-C 2 B 10 H 12 ) was used as the precursor source and argon (<100 ppb O 2 and <200 ppb H 2 O) as the working gas. Process conditions consisted of a substrate temperature of 350 • C, a plasma power of 30 W over a 25 cm diameter showerhead coupled to a 10 cm rotating platen with a 2.5 cm anode-to-cathode separation, a pure argon flow rate of 18 sccm, an argon-diluted carborane flow rate of 18 sccm, and a pressure of 200 mT.
Two films were grown on Si wafers cleaned via a H 2 SO 4 /H 2 O 2 treatment followed by a HF treatment. The second film was thermally treated in situ immediately after growth at 475 • C for 60 min at 1 × 10 −7 Torr. Following growth and thermal treatment, the films were briefly exposed to atmosphere (for <2 min) while being transferred to a nitrogen glove box (<0.1 ppm O 2 and H 2 O) for storage and mounting. The wafers were cleaved in the glove box, mounted to copper pucks with silver paint for photoemission measurements, and transferred to an ultra-high vacuum metal deposition and photoemission spectroscopy chamber under dry N 2(g) in a sealed transfer arm. The thicknesses of the as-deposited and thermally treated films were determined on separate cleaved samples by ellipsometry to be 706 and 658 nm, respectively.
Photoemission spectroscopy
X-ray and ultraviolet photoemission spectra were acquired at a base pressure of 8 ×10 −10 Torr using a Kratos Axis HS in hybrid mode with an Al Kα anode (hν = 1486.6 eV) at a pass energy of 80 eV, and a helium lamp (hν = 21.2 eV via the He I emission) at a pass energy of 5 eV. A charge neutralizer was employed under constant potential with an anode current of 15 mA. The electron energy analyzer's relative kinetic energy scale was calibrated as per ASTM E 2108-00 [12] , and the absolute binding energy was corrected for minor sample charging by referencing to the Ar 2p 3/2 core level at 241.3 eV to an accuracy of ±0.1 eV. Elemental quantification was completed by acquiring survey scans from −1000 to 5 eV binding energy, dividing the integrated area of signal intensity with element-specific relative sensitivity factor (RSF) values, and normalizing over all elements detected [13] . Core level spectra were deconvoluted using CasaXPS with 70%:30% Gaussian:Lorentzian functions fitted against a Shirley background [14] . All spectra displayed in the figures were normalized to maximum intensity. Due to sample charging, x-ray photoemission valence band spectra are reported as these could be consistently calibrated to the Ar 2p 3/2 core level. For work function determinations, the secondary photoemission cutoff method was used with an applied bias of −14 V; spectra were calibrated against freshly evaporated gold at 5.1 eV.
Metal overlayer evaporation
For all metal overlayer studies, the thin-film surface was cleaned prior to metal evaporation by Ar + etching at 500 V and a surface current of 7 µA to remove material at average rates of 0.45 and 0.22 nm/min for the as-deposited and thermally treated samples, respectively. The Ar + etching was performed until a constant bulk stoichiometry was observed as per x-ray photoemission spectroscopy (XPS) feedback (leading to the removal of 9 and 4 nm of material for the as-deposited and thermally treated samples, respectively). Metal depositions were completed in situ at a pressure of 5 × 10 −8 Torr via thermal evaporation (Al, Cu) or sublimation (Cr, Ti). All metals were 99.9% pure as purchased and thoroughly outgassed in ultra-high vacuum. Deposition rates were established with a translatable quartz crystal microbalance (QCM) prior to deposition on the a-B x C:H y films. After metal layer deposition, the heterostructures were immediately inserted into the photoemission chamber and spectra were acquired over a period of ∼3 h at 8 × 10 −10 Torr.
Results
The a-B x C:H y -to-vacuum interface was studied using photoemission spectroscopy to determine the chemical composition, valence band character, and work function of the films, in both the as-received state and after Ar + sputter cleaning. The metal-to-a-B x C:H y interface was subsequently studied for a series of moderate-work-function metals: Cr, Ti, Al, and Cu. Of these, Cr (as a relatively thin adhesion layer in a Cr/Au bilayer) has been used in many of the studied a-B x C:H y /n-Si heterojunction detectors to form what has been reported as an Ohmic contact to a-B x C:H y [4, [6] [7] [8] 15] , although Ag and Au contacts have also been used [16] [17] [18] [19] [20] ; in many cases, details concerning contact type, preparation method, etc, are not reported. Two different photoemission studies were performed to investigate the extent of interfacial diffusion, new chemical species formed, and interfacial electronic structure.
(i) A metal overlayer was evaporated onto a sputter-cleaned a-B x C:H y film to a given thickness (inferred from QCM rates), and core level and valence band photoemission spectra, sensitive to the top several nm's of the sample, were subsequently acquired. This process was repeated for metal thicknesses of 0.5, 1, 2, 5, 10, 150, and ∼250Å. (ii) A 5Å thick metal overlayer was evaporated onto a sputter-cleaned a-B x C:H y film, and core level and valence band photoemission spectra were acquired first for the sample as-is, and then after 6, 12, and 18 min of Ar + etching.
Studies (i) and (ii) were repeated for Cr, Ti, and Cu on both the as-deposited and thermally treated samples. In the case of Al, study (i) was performed on the as-deposited sample.
3.1. The a-B x C:H y -to-vacuum interface X-ray photoemission spectroscopy of the films reveals features characteristic of icosahedra-based boron carbide [21] [22] [23] [24] as well as high oxygen content, not only in the native oxide layer (formed during <2 min atmospheric exposure during transfer from the PECVD chamber to a <1 ppm O 2 /H 2 O N 2(g) glove box), but also in the bulk (formed during PECVD growth). After acquiring spectra on the as-received samples, the films were cleaned via Ar + etching to remove the native oxide layer. The relative atomic concentrations for B, C, and O in the a-BCO:H films (as-deposited/thermally treated) changed from 53.6%/52.1%, 32.3%/30.6%, and 13.9%/16.2% at the atmospherically exposed surface to 64.5%/65.7%, 22.7%/23.4%, and 11.8%/8.9% after removal of the native oxide layer. It should be noted that these values do not take into account trace amounts of Ar observed in the films, present in quantities of 0.1%/0.4% (as-deposited/thermally treated) before sputtering and 1.3%/2.0% (as-deposited/thermally treated) after sputtering, nor do they take into account the presence of hydrogen in the films, which cannot be detected by XPS. The hydrogen concentration is expected to vary as a function of growth conditions and post-growth thermal treatment [25, 26] . A significant decrease in the atomic % (at.%) C from ∼31% to ∼23% after surface etching is commensurate with the removal of adventitious hydrocarbon, and a corresponding decrease in the at.% O from 13.9%/16.2% to 11.8%/8.9% (as-deposited/thermally treated) is consistent with the removal of surface oxides [21, 24, 27] . The greater surface-to-bulk oxygen content ratio for the thermally treated sample relative to the as-deposited sample may suggest that post-growth thermal treatment promotes the segregation of oxygen species from the bulk to the surface of the film and/or that the surface is more hygroscopic or oxygen-sensitive during/following thermal treatment. The final stoichiometries of the bulk material exposed after Ar + etching translate to B 2.8 CO 0.5 :H y for the as-deposited film and B 2.8 CO 0.4 :H y for the thermally treated film (henceforth approximated by B 3 CO 0.5 :H y ). The boron 1s core level spectrum is shown in figure 1 (a) for the as-deposited (i) and thermally treated (ii) samples both before (top) and after (bottom) Ar + etching the surface to remove the native oxide layer. The asymmetrical peak can be deconvoluted into three components. For the pre-sputtered samples, the two lower binding energy (BE) components at 187.8/188.0 eV and 189.4/189.0 eV (as-deposited/thermally treated) can be attributed to B atoms in an icosahedral boron carbide environment. The lowest BE component is near that expected for a pure boron film (at 187.9 eV) [28] , and is characteristic of B atoms bound to other B atoms. The slightly higher BE component represents B atoms additionally bound to one or more C atoms [22, 28] [31] [32] [33] [34] (also note that boric acid, H 3 BO 3 , has a BE of ∼193 eV [34] ), the tail may be more consistent with the presence of suboxides (B 2+ , B 1+ ) [35] [36] [37] , although some authors assign it to oxycarbides (BCO) [38, 39] . While Ar + etching removes some of the surface oxide, the oxide tail is still evident in the samples post-sputtering. The same set of plots is shown for the carbon 1s core level spectra in figure 1(b) . In the pre-etched samples, a dominant peak at 284.2/284.7 eV is characteristic of adventitious hydrocarbon [24, 40] . A second peak at 282.2/282.5 eV is characteristic of C-B bonds [22] [23] [24] , consistent with the expected coordination environment of C in films based on the C 2 B 10 icosahedral subunit, wherein each C is expected to be bound to at least one adjacent C atom and five adjacent B atoms. A small shoulder at 286.2/286.5 eV is attributed to the presence of C-O or C=O species [40] , and there is evidence for a small amount of carboxyl [C(=O)OH] species in the thermally treated sample via the presence of a very small peak at >288 eV [40] . After sputter cleaning, the spectra are dramatically different, with a major decrease in the intensity of the peak at 284-285 eV owing to the removal of adventitious carbon. The asymmetric peak can still be well fit to two components at ∼282.5 and 283.5 eV. The low-BE peak is still assigned to C bound to B. In the literature, the higher BE peak has been assigned to amorphous C/graphitic C [30, 38, 41, 42] or oxycarbide (BCO) [24] species. However, the BCO interpretation does not rectify with what is known of boron carbide oxidation products [43, 44] , and we do not see evidence of segregated C in films grown from orthocarborane [45, 46] , despite this being commonplace in boron carbide produced by other methods [21, 41, [47] [48] [49] [50] [51] . Therefore, we tentatively assign the higher BE component to inter-versus intraicosahedral carbon or hydrocarbon [21, 37, 52] . This is consistent with our observations from solid-state NMR [45] , the high relative intensity of the peak, as well as the observed shift to higher BE expected for a C atom bound to only one or two B atoms rather than five. There is also likely a contribution to the spectral intensity at higher BEs due to remaining C-O species.
The oxygen 1s core level spectrum (figure 1(c)) is similar to that observed in other boron carbide samples [21, 29] , and can be deconvoluted into two sub-peaks at 532.5-533.5 eV and 531.5-532 eV. The higher BE peak likely originates from boron suboxides (B 2 O 3 is expected between 533-534 eV) [31] [32] [33] , while the lower BE peak likely originates from C-O species [24] , both of which are expected based on known boron carbide oxidation chemistry [43, 44] .
The valence band spectra of the as-deposited and thermally treated a-B 3 CO 0.5 :H y films are shown in figure 2 . A significant change in the spectra is observed after the removal of surface contaminants, evident as a decrease in the density of states near the Fermi edge (E F ) and at binding energies >10 eV. The spectrum of the bulk a-B 3 CO 0.5 :H y material (trace (ii)) displays distinct features centered at ∼9 and ∼14 eV, with a third feature extending from near the Fermi edge to ∼5 eV. The valence band maximum for the as-deposited samples lies 0.80 eV below the Fermi edge, as expected for a p-type semiconductor with a band gap of 2.4 eV (see figure S1 in the supplementary data available at stacks.iop.org/JPhysCM/24/445001/mmedia); for samples that undergo heat treatment, the band gap decreases, and accordingly the valence band maximum of the thermally treated sample is found to be 0.66 eV below E F . The valence band spectra for the a-B 3 CO 0.5 :H y films are similar to those previously reported for B 4 C films [28, 37, 53] , although for the films studied here, the main features, including the valence band maxima, are shifted to slightly higher binding energies. Conversely, the a-B 3 CO 0.5 :H y valence band spectra are quite dissimilar to those reported for adsorbed [54] or condensed [55] orthocarborane-based films, which exhibit a lack of electron density up to ∼5 eV and consequently reveal a very large band gap [56] .
The work functions of the a-B 3 CO 0.5 :H y samples were determined from the secondary electron photoemission cutoffs (figure 3) to be 4.7 and 4.5 eV for the as-deposited and thermally treated samples, respectively. These values are comparable to, albeit slightly lower than, those inferred by Hong et al through controlled a-B x C:H y doping studies based on the electrical characterization of a-B x C:H y /Si diodes [57] .
The chromium-to-a-B x C:H y interface
The most important result that can be gleaned from an analysis of the change in relative atomic concentrations as a function of overlayer thickness in the chromium overlayer study is that significant oxide species are formed in the interfacial metal layer. As Cr is applied to the a-B 3 CO 0.5 :H y film (figure 4), the relative at.% Cr within the sampled layer (i.e., the top several nm's of the sample) increases and the relative at.% B decreases, as expected, but the relative at.% O and C do not decrease to the extent that would be expected. At 0.5Å coverage, the at.% B in the sampled layer increases slightly relative to the bulk, which could indicate the formation of chromium boride(s) at the interface. From 0.5 to 10Å coverage, a gradual increase in the at.% Cr is observed, with a corresponding decrease in the at.% B; however, the at.% C remains relatively constant, and the at.% O increases steadily. Although no B is observed at 150Å coverage, considerable C (3.4%/5.9% (as-deposited/thermally treated)) and O (16.1%/17.6% (as-deposited/thermally treated)) can still be observed in the sampled layer at this Cr thickness. This observation provides evidence for the diffusion of C and O from the bulk of the film into the Cr overlayer to distances of ≥250Å, consistent with the strong oxygen-gettering tendencies of chromium [58] . Similar results have been reported by Ahn et al in an Auger electron spectroscopy depth-profiling study of a sputtered B 4 C film on a Cr adhesion layer [41] .
Further insight into the identity of the chemical species formed at the chromium-to-a-B 3 CO 0.5 :H y interface is gained by the analysis of the Cr 2p, B 1s, C 1s, and O 1s core level photoemission spectra. The Cr 2p spectra for the as-deposited and thermally treated samples (figure 5) exhibit two peaks with binding energies at ∼574 and ∼584 eV, originating from the 2p 3/2 and 2p 1/2 core levels, respectively. Both peaks were deconvoluted into two dominant sub-peaks. In each case, the higher BE peak can be attributed to chromium oxide(s), and the lower BE peak to Cr metal (Cr 0 ) [40] . The oxide component is likely dominated by Cr 2 O 3 (Cr 3+ ), for which a doublet is expected at 576.9 and 585.7 eV [40] , but may also contain contributions from higher (e.g., CrO 2 (Cr 4+ )) and/or lower (e.g., CrO (Cr 2+ )) oxides or hydroxides (e.g., CrOOH (Cr 3+ ) or Cr(OH) 3 (Cr 3+ )) [40, [59] [60] [61] [62] [63] . At overlayer thicknesses of 0.5-10Å, there is ∼15%-30% chromium oxide in the Cr layer, as calculated from relative peak areas. At ≥150Å coverage, chromium oxide is still observed in the sampled layer, but decreases to ∼10% on the basis of relative peak areas and total remaining oxygen content. As regards the possible formation of chromium boride(s) or carbide(s), the Cr 2p 3/2 core level BE is expected at 574.3 eV for CrB 2 [64, 65] and at 574.5 eV for Cr 3 C 2 [66] . As both of these BE values are the same as or very close to that expected for Cr metal (574.3 eV), it is not possible to unambiguously identify these species in the Cr 2p core level XPS spectra.
The complementary B 1s, C 1s, and O 1s core level spectra are shown in figure 6 for the as-deposited sample only (the spectra for the thermally treated sample are nearly identical and are shown in figure S2 in the supplementary data available at stacks.iop.org/JPhysCM/24/ 445001/mmedia). Little change is observed in the B 1s spectrum (figure 6(a)) upon application of the Cr overlayer, beyond a slight increase in signal intensity at ≥192 eV, consistent with an increase in boron oxide in the sampled layer; no B 1s signal is observed at thicknesses of 150Å and higher. The formation of CrB 2 , which could not be substantiated from the Cr 2p spectra, can also not be substantiated from the B 1s spectra, as the expected BE of CrB 2 of 188.0 eV [65] overlaps with that of the bulk a-B 3 CO 0.5 :H y film. In the C 1s spectrum, a shoulder at 286-287 eV appears at low coverages, and becomes a major component by 150Å coverage. This peak is diagnostic of C-O/C=O species within the chromium/chromium oxide overlayer. The large peak at 282.5 eV observed in the sampled layer at coverages of 150/250Å, although at the same BE as the dominant C-B peak in the a-B 3 CO 0.5 :H y spectrum, may indicate the formation of some Cr 3 C 2 , with a peak expected at 283.2 eV [66] , as there is no B signal at these coverages to support the presence of C-B bonds. Changes in the O 1s core level spectra (figure 6(c)) from 0.5 to 10Å coverage are subtle; the spectra are very similar to that observed for the bulk a-B 3 CO 0.5 :H y film. However, with higher coverages there is an observable increase in intensity on the low-BE side of the peak, particularly evident in the spectra acquired at coverages of 5 and 10Å. This low-BE spectral intensity is diagnostic of the formation of Cr 2 O 3 , whose O 1s core level is expected at 530.8 eV [59] . At Cr overlayer thicknesses of 150 and 250Å, two dominant sub-peaks can be observed at 531.2 and 530.1 eV, which can be assigned respectively to C-O/C=O groups and Cr 2 O 3 as the major oxygen-containing species present at this point.
In the valence band spectrum (figure 7), a decrease in the spectral intensity of a-B 3 CO 0.5 :H y features and an increase in the spectral intensity of chromium and chromium oxide features is observed as Cr overlayers are deposited. From 0.5 to 10Å of coverage, a decrease in the a-B 3 CO 0.5 :H y peaks at ∼9 and ∼14 eV is observed along with a corresponding increase in features at ∼2 and ∼6 eV (this is most evident in the spectrum for the thermally treated sample at 10Å coverage, figure 7(b) ). These peaks at ∼2 and ∼6 eV can be assigned, respectively, to Cr 3d and O 2p levels in Cr 2 O 3 [67, 68] . Only at higher Cr coverages (i.e., 150 and 250Å) do features diagnostic of Cr metal come to dominate, namely a peak at 1.6 eV with a shoulder at ∼3.5 eV, both originating from Cr 3d levels [67] . The presence of some Cr 2 O 3 at these thicknesses is substantiated by lingering spectral intensity at ∼6 eV. Importantly, the valence band spectra reveal a significant presence of semiconducting Cr 2 O 3 at the immediate a-B 3 CO 0.5 :H y -to-metal interface, and a strong Fermi level crossing is not observed until >5Å of metal is applied.
The second Cr-to-a-B 3 CO 0.5 :H y interface study (study (ii)), in which the sample surface was Ar + etched after the application of a 5Å thick Cr overlayer, gives insight into the extent of metal diffusion into the film. Some diffusion is apparent from figure 8 , in which are shown the relative atomic concentrations of B, C, O, and Cr in the sampled layer (i.e., the top several nm's of the sample) as a function of etch time and depth. Before etching, the relative at.% Cr in the sampled layer is 5.8%/7.0% (as-deposited/thermally treated), and this decreases to 2.0%/2.2% (as-deposited/thermally treated) after 18 min of sputtering. This result suggests that there is significant Cr diffusion into the bulk, to a depth of >8/4 nm (as-deposited/thermally treated). However, it should be noted that sputter etching is not an ideal method of studying overlayer diffusion as the energetic Ar + ions cause knock-on displacement of overlayer atoms yielding a higher concentration within the bulk than would exist from diffusion alone. The core level and valence band spectra acquired during this study (see figures S3-S5 in the supplementary data available at stacks.iop.org/JPhysCM/24/445001/mmedia) do not provide additional insight into the nature of the diffusion species formed beyond what was inferred from the metal overlayer study.
The titanium-to-a-B x C:H y interface
Interfacial diffusion at the Ti-to-a-B 3 CO 0.5 :H y interface was very similar to that observed in the Cr case. As Ti overlayers are evaporated onto the a-B 3 CO 0.5 :H y surface, the at.% Ti in the sampled layer increases gradually, mirrored by a decrease in the at.% B, while the at.% C and O remain more or less constant between 0.5 and 10Å coverage (figure 9). At 150Å coverage, no B is observed in the sampled layer, but the relative at.%'s for C and O are still relatively high, at 5.0%/3.1% and 16.1%/19.6% (as-deposited/thermally treated), respectively. At 250Å coverage, these have shifted to ∼0% C (though a very weak signal is still observed) and 10.0% O. This behavior corroborates the diffusion of some C and a significant amount of O from the bulk film into the Ti overlayer to distances of ≥250Å.
The core level XPS spectrum for the Ti 2p (1/2,3/2) doublet is shown in figure 10 for both as-deposited and thermally treated samples as a function of Ti coverage. Spectral changes occurring as the Ti metal is evaporated onto the a-B 3 CO 0.5 :H y film are quite dramatic, with the two peaks shifting to lower BE by ∼1.5 eV and narrowing to almost half their original full-width at half maximum. Both 2p 1/2 and 2p 3/2 peaks were fit to a good approximation with two sub-peaks. For the 2p 3/2 peak at 0.5Å coverage, a clear high-BE shoulder is observed at ∼457.5 eV, alongside a more intense peak at ∼455.5 eV (for the as-deposited sample). Since TiO 2 (Ti 4+ ) is expected at a higher BE of 458.5-459.5 eV, these two peaks can be assigned to lower oxides, Ti 2 O 3 (Ti 3+ ) and TiO (Ti 2+ ), which have BEs expected at 456.5-458 and 454.5-456 eV [40, [69] [70] [71] , respectively. There may also be a contribution to the Ti 2p 3/2 peak from TiB 2 or TiC, with BEs reported in the range of 454-454.5 [40] and 454.5-455 eV [72, 73] , respectively. At this coverage, there is no evidence of Ti metal (Ti 0 ), which should be observed at 453.7-454.2 eV [40] . By 5-10Å coverage, a distinct shift in the Ti 2p 3/2 band toward lower BE (by ∼0.5 eV) is observed. At this point, there may be a higher proportion of TiC (note that there is also a distinct increase in %C at 5Å coverage) and TiO in the sampled layer, but there is still no evidence of Ti 0 . By 150-250Å coverage, however, the 2p 3/2 peak can be deconvoluted into a stronger peak at ∼454 eV and a weaker peak at ∼455 eV, diagnostic of Ti metal in addition to some remaining TiC and/or TiO (likely predominantly TiO as there is a lot more O than C remaining in the sampled layer of the film at this point).
For the complementary B 1s spectrum ( figure 11(a) ), very little change in the appearance of the a-B 3 CO 0.5 :H y peak is observed as a function of Ti coverage, and almost no signal is observed in the sampled layer by 150Å coverage. Evidence of TiB 2 formation cannot be unambiguously identified from this data, as the TiB 2 peak is expected at 187.5 eV [65] , which is very close to the dominant icosahedral B peak. The C 1s spectrum ( figure 11(b) ) displays much more dramatic changes with the addition of the Ti layer. First, a strong shoulder appears at 286.5-287 eV, characteristic of C-O/C=O species. Second, the presence of a distinct peak at 282.2 eV at 150 and 250Å coverage (at which point the bulk B 3 CO 0.5 :H y signal is no longer observed) strongly supports the presence of TiC. A third peak at 284.5-285 eV also supports the presence of a small amount of hydrocarbon species. Finally, in the O 1s spectrum ( figure 11(c) ), a shift in the peak maximum from 532.8 eV at 0Å coverage to 532.1 eV at 0.5Å coverage to 531.5 eV at 150Å coverage is consistent with the formation of titanium oxide(s). The lack of significant spectral intensity at ∼530 eV corroborates the formation of suboxides rather than TiO 2 ; the BEs for Ti 2 O 3 and TiO are expected to be slightly higher than for TiO 2 (i.e., shifted from ∼530 eV to ∼531 eV) [69, 74] . TiOH (at ∼532 eV) and H 2 O (at ∼533-534 eV) are also commonly observed at oxidized Ti surfaces [70, 75, 76] . By 250Å coverage, the dominant contributions to the sampled layer other than Ti metal therefore include these suboxides In the valence band spectrum (figure 12), a decrease in the a-B 3 CO 0.5 :H y bands at ∼9 and ∼14 eV are observed, with a concomitant increase in intensity of a broad feature centered at ∼6-7 eV, which can be assigned to the O 2p levels in titanium oxides [76] [77] [78] [79] . No features due to metallic Ti are apparent until ≥150Å coverage, at which point an intense peak near the Fermi edge comes to dominate the spectrum. The 3d peak in Ti metal is reported to have a maximum at 0.7 eV and shoulder at ∼1.5 eV, with features at >5 eV due to contaminants [77, 80] . Titanium suboxides [76, [81] [82] [83] and carbides [84] also show weak spectral intensity at ∼1 eV from occupied Ti 3d states, which suggests that both TiO x and TiC species may contribute to the valence band features at these energies. As in the case of Cr, a sputter depth-profiling study of the first few nanometers of the a-B 3 CO 0.5 :H y film with a 0.5Å Ti overlayer shows evidence of Ti diffusion into the bulk (see figure 13 and figures S7-S9 in the supplementary data available at stacks.iop.org/JPhysCM/24/445001/mmedia).
The aluminum-to-a-B x C:H y interface
An analysis of the change in atomic composition as a function of overlayer thickness reveals the presence of both C and O species at the aluminum-to-a-B 3 CO 0.5 :H y interface ( figure 14) . At 5Å coverage, in particular, a sharp increase in at.% O in the sampled layer is evident, at which point it is present in >20%, compared to ∼12% in the bulk film. At 150Å coverage, only ∼6% C and ∼5% O remain in the sampled Al layer-much less than in either the Ti or Cr overlayer studies. In the Al 2p core level spectrum ( figure 15 ), an oxidic Al 3+ peak due to aluminum oxide (Al 2 O 3 ) and possibly hydroxides (e.g., AlOOH) is observed between 74.5 and 75.5 eV [40, [85] [86] [87] . At 5Å coverage, a low-BE tail becomes apparent, which, by 10Å coverage, evolves into a distinct peak representing the spin-orbit-split Al 2p core levels for metallic Al 0 centered at ∼73 eV [40, [85] [86] [87] . A significant contribution from oxides/hydroxides is still evident at this overlayer thickness. By 150Å coverage, the oxide contribution is minimal (<5% O exists in the film from composition analysis, some of which is tied up in C-O or C=O bonds). The B 1s, C 1s, and O 1s core level spectra (figure 16) do not provide much additional information. No change is observed in the B 1s spectrum as a function of Al coverage beyond a gradual decrease in signal. In the C 1s spectrum, the hydrocarbon peak at ∼285 eV comes to dominate the spectrum as the icosahedral C-B contributions weaken. The observation of spectral intensity at 286-287 eV at higher coverages suggests the continued presence of C-O/C=O species in the sampled layer. Finally, in the O 1s spectrum, from 0.5-5Å coverage broadening of the core level peak is observed, with increased spectral intensity on both low-and high-BE sides. Notably, a distinct shoulder is observed at 532.9 eV in the spectrum acquired at 5Å coverage, at which point the oxygen concentration is observed to be highest ( figure 14) . This shoulder is likely diagnostic of the O 2− chemical environment in Al 2 O 3 . Spectral intensity on the high-BE side may originate from OH − species in oxidized aluminum, expected at ∼533 eV [86] .
In the valence band spectrum of the Al-to-a-B 3 CO 0.5 :H y interface (figure 17), features diagnostic of Al 2 O 3 and Al hydroxides become evident at 5-10Å coverage. In particular, the trace at 10Å coverage reveals peaks at ∼9.5 eV due to O 2p levels in Al 2 O 3 (with a shoulder at ∼7.5 eV due to substoichiometric oxides or chemisorbed oxygen) [88, 89] , at ∼12 eV originating from OH − contributions [88] , and at ∼16-17 eV due to secondary electrons [88, 89] . At 150Å, the spectrum resembles that of a pure Al surface [88, 90] .
The copper-to-a-B x C:H y interface
From the atomic concentration profile for the copper-toa-B 3 CO 0.5 :H y interface shown in figure 18 , it is evident that Cu coverage is more rapid than for the other metals studied; by 5Å coverage, 15.5%/14.6% (as-deposited/thermally treated) Cu is observed in the sampled layer. Further, no increase in relative oxygen concentration is observed as metal overlayers are deposited. As the relative at.% Cu increases, the relative at.% B and O decrease smoothly, whereas the at.% C remains steady. At 150Å coverage, 5.2% B, 7.5% C, and 3.0% O are still observed in the sampled layer, but by 250Å coverage, these numbers have decreased to 0% B, 4.6% C, and 1.9% O. The significant amount of B, C, and O observed at 150Å is evidence of some amount of interfacial intermixing.
In the Cu 2p spectrum for the as-deposited and thermally treated samples (figure 19), the Cu 2p 1/2 and 2p 3/2 peaks are observed at 952.4 and 932.6 eV, respectively. These symmetrical peaks are consistent with the formation of Cu metal (Cu 0 ) [40] . No evidence of additional Cu species is discernible. Neither a shoulder at 933.5-934.0 eV nor shake-up satellite peaks at characteristic higher binding energies (∼942 and 962 eV) (for an expanded spectrum, see figure S10 in the supplementary data available at stacks. iop.org/JPhysCM/24/445001/mmedia) diagnostic of CuO are observed [40, 91, 92] . No change is observed in the B 1s spectrum as a function of metal overlayer coverage ( figure 20(a) ), aside from a gradual decrease in signal intensity; no signal is observed by 250Å coverage. In the C 1s spectrum ( figure 20(b) ), a hydrocarbon shoulder at 284-285 eV becomes prominent by 5Å coverage, and at 250Å coverage, this is the only signal observed aside from a very weak C-O/C=O shoulder at 286.5-287.5 eV. For its part, the O 1s peak does not change significantly in appearance as a function of overlayer thickness ( figure 20(c) ), although the lower BE component assigned to carbon-bound oxygen increases in relative peak area. Notably, no copper oxide peaks are evident (i.e., CuO at ∼529.5 eV and Cu 2 O at 530.5 eV) [92] [93] [94] . At 250Å coverage, only a weak signal originating from C-O/C=O species remains. (For complementary B 1s, C 1s, and O 1s core level photoemission spectra for the thermally treated sample, see figure S11 in the supplementary data available at stacks.iop.org/JPhysCM/24/ 445001/mmedia.)
In the valence band spectrum for the Cu-to-a-B 3 CO 0.5 :H y interface (figure 21)-unlike in the cases of Cr, Ti, and Al-as Cu is deposited onto the a-B 3 CO 0.5 :H y film, a steady decrease in the a-B 3 CO 0.5 :H y bands at ∼9 and 14 eV and an increase in the Cu 3d band at ∼3 eV [95] occur simultaneously, with a clear isosbestic point at ∼7 eV, diagnostic of the conversion of a single chemical species into another chemical species with no intermediary products (such as oxides). A shift in the Cu 3d peak from ∼3.5 eV at low coverages to slightly less than 3 eV at high coverages may be the result of interfacial mixing at the Cu-to-a-B 3 CO 0.5 :H y interface [96] . Therefore, for the copper-to-a-B 3 CO 0.5 :H y interface, metallic character is observed even at Cu thicknesses as low as 0.5Å.
Finally, in the diffusion study, we see evidence of some Cu diffusion into the a-B 3 CO 0.5 :H y film at depths of 8/4 nm (as-deposited/thermally treated), as which point 1.5% Cu is still observed in the sampled layer (see figure 22 and figures S12-S14 in the supplementary data available at stacks.iop. org/JPhysCM/24/445001/mmedia).
Discussion
To obtain an Ohmic contact at a metal-to-semiconductor interface for an intrinsic semiconductor with low charge carrier concentration, the Schottky barrier ( B ) between the two materials must be minimized. A first-order estimate [97] of barrier height may be obtained from the Schottky-Mott relationship which informs that, for a p-type semiconductor, B,p is equal to the difference between the ionization potential (IP) of the semiconductor (i.e., the energy of the valence band maximum relative to the vacuum level (E vac )) and the work function of the metal ( M ) [98, 99] , as per equation (1).
For the a-B 3 CO 0.5 :H y samples studied here, measured work functions of 4.7/4.5 eV (as-deposited/thermally treated) and valence band maxima relative to the Fermi level (E V ) of 0.80/0.66 eV place the ionization potentials at 5.5/5.2 eV (table 1). Schottky barrier heights for the metal-to-a-B x C:H y interface predicted on the basis of metal work functions alone therefore range from 1.2/0.9 eV (as-deposited/thermally treated) for Al and Ti, to 1.0/0.7 eV for Cr, to 0.9/0.6 eV for Cu (table 2) .
The analysis of the electronic and chemical structure as well as Schottky barrier height information of the metalto-a-B x C:H y interface from photoemission spectroscopy measurements was complicated by the formation of interfacial metallic oxides in the case of the Cr, Ti, and Al overlayers. We hypothesize that oxygen diffused from the bulk of the a-B 3 CO 0.5 :H y films into the metal overlayers. This diffusion was most pronounced in the cases of Cr and Ti, which showed a significant amount of metallic oxide formation even at >150Å coverage, consistent with their strong oxygen-gettering tendencies [58] . While some oxygen reacted with the metal during metal overlayer evaporation, we do not believe this to have contributed substantially to the total measured oxygen concentration at any given overlayer thickness. At a pressure of 10 −8 Torr, assuming a sticking coefficient of 1, it takes on the order of ones of minutes to form a monolayer of a given chemical species [100] . Since the partial pressure of oxygen-containing molecules is expected to make up only a fraction of the total pressure and the sticking coefficient must be ≤1, oxygen-based monolayers would be expected to form on the order of tens of minutes or hours. Because the metal evaporations were completed at rates on the order of ∼0.1Å s −1 , we conclude that the majority of the oxygen originated from within the bulk a-B 3 CO 0.5 :H y films.
Band diagrams (figure 23) for the four metal-toa-B 3 CO 0.5 :H y interfaces were constructed based on chemical information obtained from the photoemission measurements and electronic structure/work function data from this work and the literature, as compiled in table 1. An interpretation of charge carrier transport across the Cr-to-a-B 3 CO 0.5 :H y interface is particularly complicated due to the presence of a mixture of chromium and chromium oxide(s), including a possible mixture of oxides with very different electronic structures: while Cr 2 O 3 may be classified as a p-type semiconductor with a relatively wide bandgap (3.2 eV), CrO 2 may be classified as metallic (specifically a proposed half-metal) [68, 107] . Under the assumption that Cr 2 O 3 is the dominant oxide, as concluded from XPS analysis, a thick (>10 nm), partial Cr 2 O 3 layer should lead to a higher Schottky barrier at the junction and the formation of a space-charge region in the a-B 3 CO 0.5 :H y layer. For Table 1 . Valence band maxima (E V ), band gaps (E g ), work functions ( ), and electron affinities (EA) for a-B 3 CO 0.5 H y films, metals, and select metal oxides studied in this work. the Ti-to-a-B 3 CO 0.5 :H y interface, no Ti metal is observed within the first 10Å of coverage; instead, the interfacial layer is dominated by titanium oxides, likely a mixture of Ti 2 O 3 and TiO. Unlike in the case of Cr 2 O 3 , Ti 2 O 3 is a narrow-bandgap semiconductor (E g = 0.1 eV) [104, 108] and TiO a metal [68, 81] ; these oxides would not be expected to increase the Schottky barrier beyond that expected for a clean Ti-to-a-B 3 CO 0.5 :H y interface, and would in fact be expected to decrease it. In the case of the Al-to-a-B 3 CO 0.5 :H y junction, the interface is dominated by an insulating Al 2 O 3 layer.
Because this layer is relatively thin (∼1 nm), the possibility of charge carrier tunneling through the barrier could lead to quasi-Ohmic tunnel junction behavior [109] . Finally, for the Cu-to-a-B 3 CO 0.5 :H y interface, there is evidence of some interfacial diffusion between the evaporated Cu overlayer and the a-B 3 CO 0.5 :H y film, but there is no evidence for the formation of new chemical species. Therefore, the barrier height at the junction is expected to be the same as predicted for the clean metal interface. For all metal or metal oxide layers with the exception of Cr 2 O 3 , very little band bending is expected in the adjacent a-B 3 CO 0.5 :H y layer due to low work function offsets. Band bending (eV BB ) was monitored experimentally by following the shift in the B 1s core level energy as a function of overlayer coverage, and the shifts occurring between 0 and 10Å coverage (the thickest layer for which the B 1s core levels could still be distinguished above noise) are summarized in table 2. Because little band bending is expected, these shifts are very small (on the order of a few tenths of an eV), but are generally consistent with those predicted on the basis of the band diagrams in figure 23 and information in table 1, as summarized in table 2 . Notably, in the case of the Ti and Al interfaces, the eV BB values obtained from photoemission measurements are much closer to those predicted for interfacial oxide layers rather than clean metal interfaces. In the case of the Cr interface, the measured eV BB value is closer to that predicted for a clean Cr interface rather than a Cr 2 O 3 interface, which is consistent with a Cr interface containing 15%-30% Cr 2 O 3 . Schottky barrier heights were also calculated from the photoemission measurements [98, 110] based on the energy of the B 1s core level at the interface upon application of a metal overlayer (E B 1s ) interface (determined at 10Å coverage) and the energy difference between that core level and the valence band maximum (E B 1s − E V ) bulk (determined at 0Å coverage), as per equation (2) .
These results are also summarized in table 2 alongside the predicted values. Because of the good agreement between the measured and predicted band bending energies, the measured Schottky barrier heights also correspond very well with the predicted values.
This work highlights some important considerations. First, the tendency to form metallic oxides at the metalto-a-B x C:H y interface suggests that oxygen levels in the a-B x C:H y films will play a critical role in device performance, not only in affecting the bulk a-B x C:H y properties, but also in modifying the heterostructure interfaces. It is possible that interfacial oxide formation will lead to high contact resistance, Schottky-based rectification, and/or increased charge carrier recombination. The incorporation of oxygen into a-B x C:H y films during film growth is ubiquitous [15, 21, 44, 111, 112] , consistent with the strong oxygen-gettering tendencies of boron carbide [29, 35, 43, 44] , and great precautions must be taken to avoid oxygen contamination during the fabrication of thin films. As reported here, even when using 99.9999% Ar (<100 ppb O 2 and <200 ppb H 2 O) as the processing/carrier gas and achieving a 10 −8 Torr base pressure immediately after bakeout (with typical base pressures of 5 × 10 −6 Torr prior to film growth), oxygen levels in the bulk of the thin films grown by PECVD are on the order of 10%. We hypothesize that the dominant source of oxygen contamination is the Ar processing/carrier gas. The preponderance of metallic oxides formed at the a-B 3 CO 0.5 :H y interface may be exacerbated by the migratory nature of the oxide species likely present in these films (e.g., B 2 O 3 /H 3 BO 3 , CO 2 , H 2 O). The more standard precaution of avoiding a native oxide layer at the junction when fabricating heterostructure devices (either by depositing contacts in situ or etching away the oxide layer prior to contact deposition) may not be sufficient to form a clean metal-to-semiconductor interface if bulk oxygen levels are still relatively high, where 'relatively high' in this case may refer to only a few per cent. We hypothesize that bulk oxygen will remain a problem in interface contamination even with lower oxygen content (e.g., 3%-5%), and therefore if the interfacial oxides formed do not lead to desirable transport properties at the interface, a judicious choice of non-oxygen-gettering metal contacts may be important if oxygen cannot be entirely eliminated from the a-B x C:H y films. One example of such a non-reactive metal would be copper, which-as demonstrated here-forms a non-oxidized interface which reveals metallic character upon application of only 0.5Å of Cu ( figure 21) . The results presented here additionally highlight the problem of band offset between a-B x C:H y and metal contacts. It is evident, from the differences observed between the as-deposited and thermally treated films reported here and in previous literature reports [46] , that growth conditions and post-growth thermal treatment of the films significantly affect the electronic structure of the a-B x C:H y material. These effects must be ascertained and accounted for in optimizing the metal-to-semiconductor junction. It will also be important to account for factors such as metal contact preparation methods (e.g., sputtering versus evaporation, thermal treatment, etc), which will further influence the electronic and electrical carrier transport properties of the interface.
Summary and future work
Two amorphous hydrogenated boron carbide (a-B x C:H y ) films were grown by PECVD, one of which was subjected to post-growth thermal treatment, and their electronic and chemical structure was studied both at the vacuum-tosemiconductor interface and at the metal-to-semiconductor interface for Cr, Ti, Al, and Cu metals. The a-B x C:H y films were found to contain a significant amount of oxygen (∼10%), likely in the form of boron suboxides and C-O/C=O species, not only in the native oxide layer, but also in the bulk of the material, despite the films being grown in a chamber with a post-bakeout base pressure of 10 −8 Torr and the use of 99.9999% purity Ar process gas. The bulk stoichiometries of the films were determined to be B 2.8 CO 0.5 :H y and B 2.8 CO 0.4 :H y for the as-deposited and thermally treated samples, respectively. The energy gaps between the valence band maximaand Fermi levels for the films (as-deposited/thermally treated) were found to be 0.80/0.66 eV, and the work functions to be 4.7/4.5 eV. These data led to predicted semiconductor-to-metal Schottky barrier heights of 1.0/0.7 eV for Cr, 1.2/0.9 eV for Ti, 1.2/0.9 eV for Al, and 0.9/0.6 eV for Cu. From an analysis of the core level and valence band photoemission spectra as a function of metal overlayer coverage, it was found that an interfacial metallic oxide layer was formed in the case of Cr, Ti, and Al: a semiconducting Cr 2 O 3 layer is predicted to lead to an increased Schottky barrier height with the junction becoming part of the active region of the device; a metallic Ti 2 O 3 /TiO layer is predicted to lead to a decreased barrier height; and an insulating Al 2 O 3 layer is predicted to lead to quasi-Ohmic tunnel junction behavior. Importantly, not only does Cu lead to the lowest a-B 3 CO 0.5 :H y band bending of the four metals studied here, but it does not form new interfacial chemical species-oxides or otherwise-that could lead to increased Schottky barriers. Cu therefore demonstrates good potential as a contact material for amorphous hydrogenated boron carbide films. Possible Schottky diode character at the a-B x C:H y /Cr 2 O 3 + Cr/Cr interface may explain some of the ambiguities encountered in the interpretation of Au/Cr/a-B x C:H y /n-Si/Cr/Au neutron detector heterostructure pulse-height spectra.
This work highlights the fact that even low oxygen content in amorphous hydrogenated boron carbide films will likely interfere with heterostructure junction quality. Therefore, either stringent precautions must be applied to avoid oxygen incorporation into the films or contact material(s) must be chosen such that deleterious effects from oxide contamination are not a problem. Further, for films grown using the methodology described here, metal-semiconductor band lineup predictions suggest that higher work function metals ( ≈ 5 eV) may lead to lower Schottky barriers (but higher work function offset) than moderate-work-function metals ( ≈ 4.5 eV). The results also highlight the need for a systematic study of electronic structure as a function of growth conditions as there is significant variability between a-B x C:H y films. A thorough evaluation of the chemical and electronic structure for each type of film used in the fabrication of devices would assist in the assessment of device metrics and performance. In a similar vein, the consideration of contact type, size, and preparation method will additionally assist in the rigorous characterization and optimization of boron-carbide-based semiconductor devices.
Much work is still needed to refine our understanding of the metal-to-a-B x C:H y interface toward developing next-generation boron-carbide-based semiconductor device technologies. Future work will include additional detailed photoemission spectroscopy studies of the interface between low-or immeasurable-oxygen-content films and a range of low-to-high work function metals, electrical measurements of a-B x C:H y -based heterostructures, as well as a systematic study of chemical and electronic structure variations in a-B x C:H y films as a function of growth conditions.
